Summary. Mammary development and regression were measured in goats in vivo using magnetic resonance imaging (MRI) 
Introduction
During its development, the mammary gland undergoes marked changes not only in size but also in its internal structure and composition, as secretory epithelium (parenchyma) gradually displaces fatty stroma. Most studies of this process (mammogenesis) have been conducted in laboratory species, and have involved killing groups of animals at intervals during the lactation cycle for post-mortem analysis of the mammary tissue. Parellel studies in dairy species are prohibitively expensive. It is possible to minimize animal numbers, for instance by using identical twins (Swanson & Poffenbarger, 1979) , but the availability of such animals is a limiting factor. An alternative approach is the serial in-vivo study of each individual animal on several occasions, but until recently the problem with this method was the limited amount of information that could be obtained. Simple determinations of gross udder volume by water displacement or plaster cast (Linzell, 1966) took no account of the changes in internal composition. Combining udder volume with tissue biopsy alleviated this problem to some extent (Knight & Peaker, 1984) , but only when the biopsy sample could be shown to be representative of the whole gland (essentially late pregnancy and throughout lactation). Taking larger samples (e.g. the whole of one gland, Cowie *Reprint requests to: Dr C. H. Knight. tPresent address: Department of Obstetrics & Gynaecology, University of Aberdeen, Aberdeen AB9 2ZD, UK. et al, 1965) brought its own problems, through the possible stimulation of compensatory growth responses (Knight, 1987) .
Body imaging techniques enable the study of internal structure as well as gross size. Sorensen et al (1987) used X-ray computed tomography (X-ray CT) to study mammogenesis in peri-pubertal heifers, although size limitations meant that these measurements had to be made in vitro. Goats, on the other hand, are a suitable size for in-vivo study, and some X-ray CT data have been obtained on whole-body composition (Sorensen, 1984) . Fowler et al (1990) Magnetic resonance imaging. The goats were imaged using the Aberdeen Mk.l NMR imager operating at a magnetic field strength of 004 Tesla, following the standard protocol described by Fowler et al (1990) .
Experimental design. A total of 10 goats were imaged. Five were imaged at intervals of 3-6 weeks during their first gestation (gestation length is 21-5 weeks in goats), 6 were imaged during their first lactation, which lasted for 26 weeks, and 3 of these were imaged during 3 weeks of post-lactational involution, at which point they were mated. These constituted part of the group of 5 goats which were imaged during their second gestation, and these same 3 goats were then imaged during their second lactation, which again lasted for 26 weeks. Data for each reproductive cycle were obtained during more than 1 year, but since there was no statistical difference between results from the different years, the data were pooled. Details of imaging times and animal numbers are given in Table 1 The first significant accumulation of fluid within the udder occurred at 17 weeks of gestation. Between then and parturition there was a further 3-fold increase, such that fluid then constituted 48% of the total udder volume (parenchyma volume + fluid volume).
Data for whole-udder and parenchyma Tl relaxation times are shown in Fig. 2 Parenchyma Tl remained essentially constant at between 260 and 280msec throughout lategestation and the whole of lactation (Fig. 2) . Whole-udder Tl decreased by approximately 20% between late gestation and early lactation, and by a further 15% during the course of lactation (306+ 18 to 264+ 16msec, < 005). Nevertheless, it remained significantly higher than parenchyma Tl from parturition until Week 12 of lactation (P < 0-05).
Post-lactational mammary involution
Within 2 days of the cessation of milking, the volume of retained fluid had risen to more than twice parenchyma volume (Fig. 3) (Fig. 2) .
Mammary development during the second lactation cycle
Involution was incomplete at the end of the first lactation, in that goats started their second gestation with more mammary parenchyma than did first-gestation goats (364 + 30 vs 77 + 13 ml, < 0001, t test). Retained fluid was also higher ( Table 2 ). The pattern of parenchyma growth was different from that observed in the first gestaion (Fig. 1) Fig. 1 ). Up until this time the rate of increase in parenchyma volume was signifi¬ cantly greater in the first gestation goats (from Fig. lb, calculated slopes of 016 and 0007 for first and second gestations respectively, < 0001, F test). After Week 15 this situation was reversed; from the slopes in Fig. 1(b) the calculated increases in parenchyma volume between Week 15 and parturition were 967 ml (first gestation) and 1238 ml (second gestation), doubling time was reduced from 4-3 weeks (first gestation) to 3-6 weeks (second gestation) and the exponential slopes were 016 (first gestation; unchanged from early gestation) and 0-23 (second gestation; significantly greater than early gestation and late first gestation, < 001, F test). These differences are evident in Fig. 1(b) .
Unlike in the first cycle, there was no significant difference in mean parenchyma volume between Week 21 of the second gestation and Week 2 of the second lactation. Parenchyma volume was greater in the second lactation than in the first from Week 2 (20% difference) through to Week 12 (13% difference; Fig. 3 ). Milk yield was also greater at these times, by 32% and 46% respect¬ ively. Milk production tended to be more efficient in the second lactation; yield per ml parenchyma was higher throughout lactation (mean value of 1 -65 + 007 ví 1-46 + 0-09g/ml/day for the first lactation, n.s.) but direct comparison in those goats for which data was available from both lac¬ tations did not reveal a significant effect. The small number of animals studied in the second lactation did not permit an analysis of the size:yield correlation.
Whole-udder and parenchyma Tl were both significantly higher at the start of the second gestation than at the start of the first (P < 001). By 7 weeks of gestation the parenchyma values had converged, but a whole-udder difference persisted until late gestation (Fig. 2) . During early lactation whole-udder 1 tended to be lower in the second cycle, perhaps indicating a more efficient milk-ejection reflex in these older animals.
Discussion
This study has demonstrated the feasibility of using a whole-body imaging technique to generate quantitative data with a serial approach employing relatively few animals. With the exception of one goat who contracted mastitis and died during the study, all of the goats finished the trial in a fit and healthy condition. The accuracy of the MRI procedure has been addressed in a previous study (Fowler et al, 1990) . Although MRI overestimates parenchyma, it does so by a constant amount; the two measurements are significantly correlated (r = 0-88, < 0001) and the accuracy is unaffected by variation in the relative proportions of parenchyma and stroma. This is the first time that an imaging technique has been used to monitor mammogenesis in vivo. The closest parallel is the work of Sejrsen et al (1986) and Sorensen et al (1987) who used X-ray CT to assist in the invitro analysis of heifer mammary glands following nutritional and endocrinological manipulation of peri-pubertal mammary growth.
MRI not only provided measurements of parenchyma growth, but also, through the Tl data, yielded information on tissue differentiation. For example, the relatively fatty, undifferentiated gland of early pregnancy exhibited a lower Tl value than did differentiated lactating parenchyma. Similarly, Tl values demonstrated that the udder started the second gestation in a condition different from that at the start of the first gestation.
The demonstration of exponential growth during pregnancy confirms numerous other studies, mainly in laboratory species (Knight & Peaker, 1982; Sheffield & Anderson, 1985) . Anderson et al (1981) (Foster, 1977) , this difference is not surprising. Anderson et al (1981) also suggested that growth continued during early lactation, an observation later supported by mammary biopsy data (Knight & Peaker, 1984) and now by the present primiparous goat results. Although the peak in parenchyma volume coincided with peak milk yield in some of our goats, the overall results confirm the previous reports that growth ceases after Week 2, several weeks before maximum yield is attained.
The way in which the mammary gland redevelops during a second gestation will vary according to the particular reproductive strategy adopted (reviewed by Knight, 1989 We did obtain evidence for an increased growth rate late in the second gestation. This has considerable significance, since it indicates that there is not an innate and inflexible rate of mammo¬ genesis within a given species. Knight (1989) suggested that mammary growth is a remarkably adaptable process, and this observation supports that argument. We did not, however, obtain any evidence to suggest that post-parturient mammary development was greater in the second repro¬ ductive cycle than the first.
A positive correlation has been demonstrated between gross udder volume and milk yield in goats at peak lactation (Linzell, 1966) , in sheep (Davis et al, 1980) and cows (Davis et al, 1985) . Gross udder volume provides a less accurate estimate of functional tissue mass than does MRI, since it cannot take account of variations in the relative proportions of parenchyma and stroma (Fowler et al, 1990) . The correlation between milk yield and the MRI estimate of parenchyma volume was significant at Week 2 of the first lactation, but subsequently deteriorated. This suggests that the increase in milk yield between parturition and peak lactation was more a consequence of cell differentiation than of growth of parenchyma; the same conclusion was reached by Wilde et al (1986) on the basis of mammary enzyme determinations, which increased by as much as 24-fold during this period. In a comparative analysis across species, Linzell (1972) obtained an average milk production index of approximately 2 ml milk/g mammary tissue per day. Our value was some¬ what less (around 1-5 ml/g parenchyma volume per day), but we have shown previously that paren¬ chyma weight determined post mortem is only 71% of the MRI estimate (Fowler et al, 1990) . Appropriate correction of the present data results in a very similar production index (21 ml/g/day) to that found by Linzell (1972) .
The effect of parity and age on milk yield is well documented, particularly in dairy cattle. In the present study, second-lactation goats produced significantly more milk than did their firstlactation counterparts. By contrast, the only information on mammary size in successive lac¬ tations comes from guinea-pigs (Anderson & Sheffield, 1983) , in which a linear increase in mammary DNA was observed over the first 6 reproductive cycles. Our quantitative data for lac¬ tating goats show that parenchyma volume was indeed larger at the start of the second lactation (by about 20%).
